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Introduction
The California Floristic Province (CFP) of western North America ( fig. 1 ) is characterized by elevated diversity and endemism, with a native flora comprising 4452 species, 2125 of which are endemic (Raven and Axelrod 1978) . The origins of this high diversity and endemism have long fascinated western North American botanists (Axelrod 1958 (Axelrod , 1975 (Axelrod , 1977 (Axelrod , 1989 Stebbins and Major 1965; Raven and Axelrod 1978; Stebbins 1978a Stebbins , 1978b Valiente-Banuet et al. 1998; Ackerly 2009) . A large proportion of CFP endemism is contributed by in situ diversification associated with dramatic geoclimatic changes in western North America during the late Cenozoic. These changes included uplift of mountain ranges and development of a Mediterranean-type climate characterized by the alternation of hot, dry summers and mild, wet winters (Axelrod 1966; Raven and Axelrod 1978) . The combination of Mediterranean-type climate with topographic and edaphic diversity generated by mountain building created an array of new microenvironments that are thought to have facilitated divergence and persistence of endemic taxa (Stebbins and Major 1965; Raven and Axelrod 1978) . Although past research has focused on the question of how the unique environmental history of the CFP contributed to the high diversity and endemism of the region, many questions remain, particularly with respect to the age and geographic origin of the endemics (Ackerly 2009 ). By combining phylogenetic reconstruction and divergence-time estimation (DTE) with surveys of the paleobotanical record and information on geoclimatic history, it may be possible to discern trends in the origin of CFP diversity. We focus on Ceanothus L., which is thought to have diversified primarily in the CFP (Mason 1942; Raven and Axelrod 1978; Ackerly et al. 2006; Fross and Wilken 2006) .
Ceanothus comprises ;53 species of evergreen or deciduous shrubs native to North America, with a center of diversity in the CFP (Fross and Wilken 2006; table 1;  fig. 1 ). Extant geographic distribution of the genus encompasses much of North America, from Panama to central British Columbia and from the eastern United States to maritime Cali-fornia (Fross and Wilken 2006;  fig. 1 ). Ceanothus is a dominant component of many North America ecosystems, particularly in the CFP, and contributes significantly to ecosystem nitrogen budgets through its symbiotic relationship with nitrogen-fixing bacteria (McMinn 1942; Franklin et al. 1985) . Ceanothus diversity is traditionally divided between two subgenera (or sections; see Fross and Wilken 2006) , Cerastes Watson (24 species) and Ceanothus (29 species), which differ strongly in morphology, physiology, and life history (McMinn 1942; Nobs 1963; Fross and Wilken 2006; Ackerly et al. 2006) . In molecular phylogenetic studies based on the chloroplast genes rbcL and ndhF (Jeong et al. 1997) as well as chloroplast matK (Hardig et al. 2000) and the ITS1-5.8S-ITS2 region of the nuclear ribosomal DNA (hereafter ITS), the Ceanothus subgenera are strongly divergent, reciprocally monophyletic groups. Although the two subgenera of Ceanothus probably diverged from a common ancestor before 10 Ma (Calsbeek et al. 2003; Richardson et al. 2004) , independent diversification of the subgenera did not begin until later; using ITS sequences from Hardig et al. (2000) , Ackerly et al. (2006) estimated that diversification of the subgenera may have commenced as recently as 4 Ma. Diversification of both subgenera is associated with the CFP: 21 of the 24 species in subgenus Cerastes and 17 of the 29 species in subgenus Ceanothus are endemic to the region (Mason 1942; Fross and Wilken 2006; table 1) . Independent and parallel diversification of Ceanothus subgenera in the CFP may have been spurred by dramatic geoclimatic changes that began around 5 Ma, including uplift of mountains and development of a Mediterranean-type climate (Mason 1942; Ackerly et al. 2006) .
The aims of this study are (1) to reconstruct the evolutionary history of Ceanothus by using a rapidly evolving lowcopy nuclear marker, (2) to obtain estimates for the absolute timing of diversification events by using rate-calibrated phylogenies for Ceanothus and Rhamnaceae based on nuclear ribosomal DNA (ITS) and two chloroplast regions (trnL-F and rbcL), and (3) to compare these data with information on the geoclimatic history of western North America so as to learn about how diversification of Ceanothus has contributed to hyperdiversity in the CFP.
Material and Methods

Genetic Sampling
Sampling of Ceanothus was conducted in Mexico, California, Oregon, Nevada, Arizona, Utah, New Mexico, Texas, North Carolina, and Florida (app. A; table A3, available in a zip file in the online edition of the International Journal of Plant Sciences). Field sampling was supplemented by herbarium material, particularly for subgenus Ceanothus. We selected samples to represent the taxonomic diversity of the genus and the geographic range of taxa (table 1; fig. 1 ). DNA from 200 plants was analyzed; these represented 76 of the ;78 Ceanothus taxa (species, subspecies, varieties) currently recognized (Fross and Wilken 2006;  Higher-density sampling in Cerastes reflects the focus of our study on diversification of this taxonomically and genetically complex group (Nobs 1963; Fross and Wilken 2006; Burge and Manos 2011) . In subgenus Ceanothus, we sampled 52 populations representing 42 of the 43 currently recognized taxa (Fross and Wilken 2006; table 1) . In widespread taxa such as Ceanothus cuneatus Nutt. and Ceanothus vestitus Greene, we sampled many populations to represent genetic variation across the wide geographic areas inhabited by these species ( fig. 1) . To obtain sequence data for DTE, several non-Ceanothus Rhamnaceae taxa were also sampled from herbarium material (app. B; see ''Results''). All Ceanothus specimens were identified according to Fross and Wilken (2006) , with the exception of three species ( Fross and Wilken [2006] ).
Molecular Methods
Genomic DNA was extracted as described in Burge and Manos (2011) . In the case of some herbarium specimens, DNA was extracted from embryo and endosperm tissue excised from intact seeds. For extractions of seed DNA, several seeds from a single plant were pooled before preparation (Burge and Barker 2010) . Amplification conditions for PCR reactions and methods of isolation and sequencing of the third intron from the low-copy nuclear gene nitrate reductase (NIA) are described by Burge and Manos (2011) . We used the primers ITS4 (White et al. 1990 ) and ITSA (Blattner 1999) to amplify ITS. In some cases, cloning of ITS PCR products was required because of length variation. ITS cloning methods were identical to those for NIA (Burge and Manos 2011) . All other ITS sequences were obtained by direct sequencing. We used primers c and f of Taberlet et al. (1991) to amplify the trnL-F plastid region, which comprises the trnL intron and the trnL-F intergenic spacer. We used primers rbcl-20 and rbcl-ctl to amplify the plastid rbcL gene. All plastid regions were sequenced directly. Methods for cleanup of PCR products and DNA sequencing are described elsewhere (Burge and Manos 2011) . Genomic DNA, ITS, and trnL-F sequences of some Australian species (as indicated in table 2) were prepared as described in Kellermann et al. (2005) and Kellermann and Udovicic (2007) ; some of these sequences were first reported in Kellermann (2002) .
Sequences and Alignment
Ceanothus NIA sequences were assembled and edited in Sequencher 4.1 (Gene Codes). Alignments were made in MUSCLE (Edgar 2004 ) under default settings. For each plant, we assessed sequence variation by using an alignment of cloned sequences (hereafter ''isolates''). Fifty-seven plants yielded pools of identical isolates, 85 yielded two different types of NIA isolate (hereafter ''isolate types''), 45 were represented by a single successfully cloned NIA isolate, and 13 NIA was chosen because of its high rate of evolution (Howarth and Baum 2002) . However, high rates of sequence evolution, particularly insertion and deletion events, may lead to alignment ambiguity, homoplasy, and ultimately reconstruction artifacts such as long-branch attraction (Bergsten 2005) . Indeed, preliminary results revealed the presence of several highly variable indel-rich regions that were unalignable between the subgenera of Ceanothus. To attain the most well-resolved and reliable NIA gene trees for Ceanothus, we built three separate alignments, one for each subgenus and a third for all of Ceanothus. For the separate subgenus alignments, ambiguously aligned regions were completely removed (alignments A4, A6 [all numbered ''alignments'' are in a zip file available in the online edition of the International Journal of Plant Sciences]; table 3; for unaltered initial alignments, see alignments A5, A7). The alignment for all of Ceanothus (alignment A8) was then prepared manually in BioEdit, version 5.0.6 (Hall 1999) with the separate subgenus alignments from which the ambiguous regions had already been removed (alignments A4, A6).
The other three loci were sequenced for two DTE analyses, a rate-calibrated analysis based on ITS for Ceanothus only and a fossil-calibrated analysis based on ITS combined with chloroplast rbcL and trnL-F for Rhamnaceae (table 3) . For rate-calibrated DTE, ITS sequences were obtained for 77 of the 78 Ceanothus taxa. Individuals were selected from among previous collections supplemented by data from GenBank for Ceanothus martinii M.E. Jones. New sequences were assembled and edited as for NIA and deposited in GenBank (app. A). Sequences were aligned in MUSCLE with no manual adjustments (alignment A9).
For fossil-calibrated DTE, DNA sequences were obtained from Rhamnaceae. Taxa were selected to represent the diversity of the family, with an emphasis on the ziziphoid Rhamnaceae (Richardson et al. 2000a ). The majority of data are from GenBank, supplemented with 12 newly generated sequences (table 2) and five previously reported sequences that had not yet been deposited in GenBank (Kellermann 2002 ; table 2). The 17 new or previously reported sequences were assembled and edited as described for NIA and deposited in GenBank (table 2; app. B). The complete data set included 37 terminal ''taxa.'' Some taxa were represented by sequences from multiple species of the same genus and/or multiple individuals of the same species (table 2). Sequences for rbcL and trnL-F were aligned in MUSCLE (Edgar 2004 ) under default settings, with minor manual adjustments. For ITS, the intergenic spacer regions were strongly divergent among Rhamnaceae lineages. To attain the most informative alignment and minimize the need for exclusion of ambiguously aligned regions, we first used MAFFT, version 6 (Katoh et al. 2002; Katoh and Toh 2008) , under default settings to c At least two sequences came from different species of the same genus. d At least two of the sequences came from different individuals of the same species. e Sequence originally reported by Kellermann (2002) , edited and deposited in GenBank as part of the present study. f Genomic DNA, ITS and trnL-F sequences were obtained using the methods described in Kellermann et al. (2005) and Kellermann and Udovicic (2007). 1142 this preliminary analysis were then manually aligned, allowing for retention of the characters within these areas. The remaining ambiguously aligned regions were coded as missing data for one or both clades to generate the final alignment (alignment A10).
Justification of Analysis Methods
Preliminary tree-building exercises for Ceanothus using NIA and ITS indicated a lack of monophyly for most Ceanothus species as well as a widespread lack of cohesion between NIA isolates obtained from the same plant. As discussed below, this is consistent with past and ongoing gene flow among species within each subgenus, as hypothesized by past researchers (Nobs 1963; Hardig et al. 2000; Fross and Wilken 2006; see below) . Alternatively, the lack of species monophyly may indicate a lack of speciation, with potential consequences for the evolutionary models used here. For the purposes of this work, we have assumed that nonmonophyly reflects recent divergence combined with gene flow rather than a lack of speciation.
Tree Reconstruction
For the NIA alignments corresponding to the Ceanothus subgenera (table 3; 6 Markov chain Monte Carlo (MCMC) generations, using one heated and three cold chains and sampling every 1000 generations. Chains were examined for convergence (standard deviation of split frequencies approaching 0.001). Log likelihoods were inspected to identify the burn-in period (Ronquist and Huelsenbeck 2003) . For each analysis, the majority-rule consensus tree was generated with MrBayes on the basis of the post-burn-in sample of trees. Trees from each of the three independent runs per alignment were compared to verify similarity of the results.
Using the NIA alignment for all of Ceanothus (table 3; alignment A8), tree reconstruction was carried out with both Bayesian and maximum likelihood (ML) methods. The Bayesian methods were identical to those used for the subgenus alignments. ML analyses were conducted using the bestfit model of evolution from AIC output of Modeltest, version 3.6 (Posada and Crandall 1998; GTRþG) . Searches were performed in GARLI, version 1.0 (Zwickl 2006) . Two search replicates of 10 6 generations were performed in a single execution using a random starting tree. Other parameters were kept at default values. Statistical support was inferred with 100 replicates of bootstrap reweighting (Felsenstein 1985) that used 5 3 10 5 generations per replicate. The majority-rule consensus tree was calculated using the 100 best bootstrap trees.
To root Ceanothus trees, we used a method based on the reciprocal monophyly of the subgenera, which was established by previous molecular phylogenetic work (Jeong et al. 1997; Hardig et al. 2000) . In the consensus tree for all of Ceanothus, we rooted the subgenera on each other. Trees based on the separate alignments for each subgenus were then 
Network Reconstruction
Although the evolutionary history of a group of organisms is usually represented by a phylogenetic tree, this model of evolution does not always adequately describe more complex evolutionary scenarios, such as those resulting from hybrid speciation or recombination (Huson and Bryant 2006) . Hybridization among species within subgenera of Ceanothus has long been noted anecdotally (Parry 1889; Nobs 1963; Fross and Wilken 2006) and is assumed to have played a role in Ceanothus evolution (Nobs 1963; Hardig et al. 2002) . Furthermore, even in systems where relationships may be realistically represented by a tree, reconstruction of phylogenetic networks has the potential to enhance interpretation of relationships (Clement et al. 2000; Huson and Bryant 2006 ). Here we use methods of phylogenetic network reconstruction to estimate relationships among NIA isolates within each of the Ceanothus subgenera.
Two methods of network reconstruction were applied to the subgenus Ceanothus and subgenus Cerastes alignments used for tree reconstruction (Cerastes: alignment A4; Ceanothus: alignment A6): (1) neighbor-net splits network (NSN; Bryant and Moulton 2004) , as implemented in SplitsTree4 (Huson and Bryant 2006) , based on Kimura two-parameter genetic distances, with 1000 bootstrap replicates to estimate statistical support, and (2) statistical-parsimony gene genealogy (Templeton et al. 1992) , as implemented in TCS (Clement et al. 2000) under default settings, with gaps treated as missing data.
Testing for Recombination
The fundamental biological process of recombination leads to the merger of historically distinct genotypes. Recombination is considered a reticulate event in the reconstruction of networks (Hein 1990) , with assumptions concerning the underlying population dynamics (Huson and Bryant 2006) . Because all Ceanothus species examined to date are strongly outcrossing, with no known intrinsic barriers to gene flow with species of the same subgenus (McMinn 1942; Nobs 1963) , we tested the potential contribution of recombination to the patterns of sequence variation seen in the sampled NIA sequences for each subgenus. Two statistical methods were used to test for possible recombination among NIA isolates within each of the two Ceanothus subgenera: (1) the pairwise homoplasy, or F w (PHI), statistic of Bruen et al. (2006) , calculated in SplitsTree4 (Huson and Bryant 2006 ) using permutation to test for significantly small F w (Huson and Bryant 2006) , and (2) the Dss statistic of McGuire et al. (1997) , as modified and refined by McGuire and Wright (2000) and implemented in TOPALi, version 2 (Milne et al. 2009 ), using flexible window size and 100 rounds of bootstrapping to test for significantly large Dss. (Burge and Manchester 2008) . However, a fossil fruit and leaves with strong affinities to crown-clade Rhamnaceae recently described from the late Cretaceous (;68 Ma; Correa et al. 2010) suggest that the origin of Rhamnaceae and diversification of the crown clade may have occurred earlier than recent divergence-time estimates indicate. Earlier dates are also consistent with recent work on angiosperms as a whole, which pushes the origin of flowering plants 25-75 Myr earlier than most recent estimates (Smith et al. 2010; but see Bell et al. 2010) .
Divergence-Time Estimation
Previous research into molecular phylogenetic relationships in Ceanothus used an independently estimated rate of substitution for the rbcL gene to infer early divergence between the subgenera (18-39 Ma; Jeong et al. 1997) . After publication of an ITS-based Ceanothus phylogeny by Hardig et al. (2000) , Calsbeek et al. (2003) used an estimate for ITS substitution rate to obtain a date of 13.9 Ma for subgeneric divergence. Richardson et al. (2004) used an external fossil calibration applied to rbcL and trnL-F to infer a similar age for the subgeneric split (10:7-11:1 6 4:2 Ma). Later research used the divergence-time estimate of Jeong et al. (1997) to calibrate the ITS phylogeny and to infer that diversification of the two subgenera began simultaneously at 4-5 Ma (Ackerly et al. 2006 ). Here we aim to test previous estimates for major events in Ceanothus diversification and to provide new estimates for events within the Ceanothus subgenera, using recently developed methods (Drummond et al. 2006 ) applied to two data sets.
Rate-calibrated DTE. This analysis relied on the ITS alignment for Ceanothus (table 3; alignment A9). A relaxed clock with an uncorrelated lognormal model of rate variation among branches was used to obtain estimates of divergence time. We implemented this model in BEAST, version 1.5.3 (Drummond et al. 2006; Drummond and Rambaut 2007) . Two topological constraints were implemented, defining each of the Ceanothus subgenera as monophyletic. We selected a substitution model from AIC output of MrModeltest (Nylander 2004) . We used flat priors for molecular evolution but modeled the tree prior according to a Yule speciation process. The substitution pattern was selected on the basis of AIC output from MrModeltest (GTRþG). To obtain estimates of absolute divergence times, we placed a prior on the overall absolute rate of nucleotide substitution (the meanRate parameter in BEAST). We selected a substitution rate, based on the work of Kay et al. (2006) , in which the rate of evolution at the ITS1 and ITS2 intergenic spacers was found to vary between 0:38 3 10 À9 and 7:83 3 10 À9 substitutions/site/Myr (mean 2:15 3 10 À9 ) in woody perennials. To account for this variation, we set the meanRate parameter to 2:15 3 10 À9 , with 1144 INTERNATIONAL JOURNAL OF PLANT SCIENCES a lognormal distribution and standard deviation that placed the minimum and maximum rates of Kay et al. (2006) within the 95% confidence interval of the prior (Log(Stdev) parameter set to 0.84). We ran MCMC chains for 3:0 3 10 7 generations, sampling parameters every 1000 generations. Results were inspected in Tracer, version 1.5.3 (Rambaut and Drummond 2007) , to confirm stationarity and acceptable mixing; the effective sample size (ESS) for all statistics was above 200; divergence times and confidence intervals were noted after 5% of samples were removed as burn-in.
Fossil-calibrated DTE. This analysis relied on the alignment for Rhamnaceae (table 3; alignment A10). The incongruence length difference test (Farris et al. 1995 ) indicated significant disagreement between chloroplast (rbcL and trnL-F) and nuclear (ITS) data (P ¼ 0:025). To determine the potential influence of conflict, we conducted separate maximum parsimony analyses of the chloroplast and nuclear data. These analyses were conducted in PAUP*. Heuristic searches were performed using 1000 random-addition replicates and TBR branch swapping, holding 10 trees per replicate. Conflict between data sets may derive from differences in position for a handful of taxa (treefiles A11, A12 [all numbered ''treefiles'' are in a zip file available in the online edition of the International Journal of Plant Sciences]). To ascertain the effect of combined analysis on DTE, the analyses described below for combined data were carried out separately for chloroplast and nuclear data.
We used relaxed-clock methods implemented in BEAST to obtain divergence-time estimates. Two topological constraints were implemented to define the following monophyletic groups: (1) Ceanothus and (2) Old World Ziziphus and Paliurus Mill. (table 2; Islam and Simmons 2006) . Substitution patterns were selected on the basis of AIC output from MrModeltest (ITS and rbcL: GTRþIþG; trnL-F: GTRþG). Priors for molecular evolution and the tree were identical to those used for rate-calibrated DTE. To obtain absolute estimates of divergence time, we placed two priors on the tree, the first an internal calibration based on a fossil and the second an external calibration based on the age of Rhamnaceae. For fossil calibration, we used the early Eocene (55 Ma) Paliurus clarnensis Burge and Manchester, which represents the earliest reliably identified material for Paliurus or Old World Ziziphus ( (2001), in which the estimated age for crown clade Rhamnaceae was 56.5 Ma. To place this prior, we set the treeModel.RootHeight parameter to 56.5 Ma with a normal distribution and a standard deviation of 1.7 Ma. MCMC sampling and postprocessing of data were as for rate-calibrated DTE; the ESS for all statistics was above 200.
Mapping and Bioclimate
Geographic locations of Ceanothus sampling were plotted with ArcGIS, version 9.3 (ESRI, Redlands, CA; fig. 1 ). For collections by D. O. Burge (app. A), georeference data for individual localities were obtained with a handheld Garmin GPS 12 Personal Navigator GPS unit (Garmin International, Olathe, KS). For collections by others (app. A), georeference data were obtained from specimen labels. In cases where georeference data were not provided, the latitude and longitude of localities were inferred from maps supplemented with information from geographic databases. The distribution of Ceanothus subgenera was plotted on the basis of data from the Consortium of California Herbaria (http://ucjeps.berkeley .edu/consortium) and the Global Biodiversity Information Facility (http://www.gbif.org) that we interpreted using written summaries of geographic distribution from Fross and Wilken (2006) . Locations were plotted in ArcGIS, version 9.1 (ESRI); data for the CFP boundary are from Myers et al. (2000) .
As an aid to interpretation of geographic distribution patterns among genetic groups in subgenus Cerastes, geographic locations were plotted against bioclimatic data. We focused on average annual minimum and maximum temperature (hereafter AAMin and AAMax, respectively) and average annual precipitation (hereafter AAP). Raster digital-data layers for these variables were obtained from PRISM Climate Group As an aid to interpretation of the bioclimatic data, each of the variables was plotted against latitude. Summary statistics were also calculated for bioclimatic variation among genetic groups.
Results
Subgenus Cerastes Phylogeny
The three independent replicates of Bayesian analysis for subgenus Cerastes phylogeny yielded trees with nearly identical topology. Only one run was used for final tree building, with 5% of sampled trees removed as burn-in. The resulting tree ( fig. 2 ; treefile A13) contained 53 nodes resolved with posterior probability (PP) above 0.50, including 17 with PP of 1.0 ( fig. 2) . None of the 19 species represented by more than one sampled plant are monophyletic (table 1) . Instead, most taxa are polyphyletic, recovered in disparate clades, or simply unresolved. It is important to note, however, that some species and lower-level taxa have a tendency to group together, though often as members of clades containing isolates from other taxa (e.g., Cerastes jepsonii Greene). Most resolved nodes support relationships near the tips of the tree, with less overall support at internal nodes ( fig. 2) . However, several major clades are recovered, including one made up of A large number of Cerastes isolates are not resolved in one of the major clades. This group is hereafter referred to as ''Unresolved Cerastes,'' although the group may represent a basal grade (fig. 2) .
The NSN for the subgenus Cerastes NIA alignment contains 5489 edges connecting the 230 included sequences ( fig.  3A ; treefile A14). Of the 541 inferred splits within the network, 172 receive more than 50% bootstrap support, including 20 with 95% support or greater. Two groups identified 
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by these well-supported splits correspond to Clades 1 and 2 from Bayesian phylogenetic analysis ( fig. 2) . The split separating members of Clade 1 from remaining Cerastes receives bootstrap support of 51.4% ( fig. 3A) . However, the splits tree contains no single split corresponding to the divergence between Clade 2 and remaining Cerastes, as in the Bayesian tree ( fig. 2) . Among the 230 isolates, TCS identified 181 unique sequences types, 25 of which are represented by more than one sequence.
The statistical-parsimony gene genealogy inferred by TCS for subgenus Ceanothus is highly reticulate (treefile A15). Major clades identified in Bayesian trees ( fig. 2) 
Subgenus Ceanothus Phylogeny
The three independent replicates of Bayesian analysis for subgenus Ceanothus phylogeny yielded trees with nearly identical topology. Only one run was used for final tree building, with 5% of sampled trees removed as burn-in. The resulting tree ( fig. 4 ; treefile A16) contained 22 nodes resolved with PP above 0.50, including three nodes with PP of 1.0 (fig. 4) . In this tree only one of the seven taxa represented by more than a single plant is monophyletic (Ceanothus leucodermis Greene). Instead, most taxa are polyphyletic, recovered in disparate clades, or unresolved. As in Cerastes, however, some species have a tendency to group together, though often as members of clades containing isolates from other taxa (e.g., Ceanothus caeruleus Lag.). Although only a handful of nodes are well resolved in the tree, one large clade is recovered (fig. 4 , Clade 3; PP ¼ 1:0). The bulk of diversity, however, is poorly resolved. Furthermore, none of the three individuals from which two NIA sequence types were recovered have isolates that are each other's closest relatives, although two pairs of isolates (Ceanothus fendleri A. Gray var. fendleri, E. Lyonnet 3593 and Ceanothus incanus, D.O. Burge 1273) are members of Clade 3 (fig. 4) . As in Cerastes, a large number of isolates are not resolved as members of the major clade; this group is hereafter referred to as ''Unresolved subgenus Ceanothus,'' although some members may have a closer relationship to Clade 3 than do others (fig. 4) .
The NSN for the subgenus Ceanothus NIA alignment contains 1141 edges connecting the 55 included sequences ( fig.  5A ; treefile A17). Of the 159 inferred splits within the network, 58 receive more than 50% bootstrap support, including 21 with 95% support or better. The split separating members of Clade 3 from remaining subgenus Ceanothus has bootstrap support of 97.5%. Among the 55 isolates, TCS identified 54 unique sequence types; the sequence obtained from Ceanothus buxifolius Schult. DOB 759a was identical to an isolate obtained from C. fendleri A. Gray var. venosus Trel. EL 3593.
The statistical-parsimony gene genealogy inferred by TCS is highly reticulate (treefile A18). The major clade identified in Bayesian tree building (fig. 4, Clade 3) is also recovered in this analysis; Clade 3 is connected to remaining subgenus Ceanothus by eight substitutions, at positions 190, 195, 357, 447, 453, 512, 517 , and 521.
Ceanothus Phylogeny
In ML tree building, the best Ceanothus tree had a log likelihood (GarliScore; Zwickl 2006) of À4965.67 (treefile A19). ML support values from 100 replicates of resampling were summarized in a 50% majority-rule consensus tree (treefile A20). The three independent replicates of Bayesian analysis for Ceanothus phylogeny yielded trees with nearly identical topology. Only one run was used for final tree building, with 5% of sampled trees removed as burn-in (treefile A21). Overall, the Ceanothus trees resulting from Bayesian and ML analysis support similar relationships. Subsequent discussion is based on the ML tree with reference to Bayesian PP for critical nodes. The ML tree comprises 88 nodes with bootstrap support above 50% (not counting basal divergence between subgenera), including six with PP of 1.0 (fig. 6 ). The ML tree supports relationships similar to those recovered in trees based on separate alignments for the two subgenera, although many of these groups receive lower levels of support (figs. 2, 4 vs. treefile A20). Major clades from the subgenus tree are also recovered in the Ceanothus tree, though with lower levels of statistical support in some cases; Clade 1 has a PP of 1.0 in the Cerastes tree ( fig. 2 ) but a PP of 0.50 and ML bootstrap support of less than 50% in the Ceanothus tree ( fig. 6 ). Clade 2 trees both yield a PP of 1.0 (figs. 2, 6), and Clade 3 has a PP of 1.0 in both the subgenus Ceanothus tree ( fig. 4 ) and the Ceanothus tree (fig. 6) ; ML bootstrap support for this clade is correspondingly high (93%; fig. 6 ).
Recombination
The pairwise homoplasy PHI (F w ) statistic was 0.066 for the subgenus Cerastes NIA alignment (alignment A4) and 0.098 for the subgenus Ceanothus NIA alignment (alignment A6). Permutation tests did not detect statistically significant evidence for recombination on the basis of PHI (P ¼ 0:42 for both subgenera). In subgenus Cerastes, no statistically significant peaks in Dss were detected across the alignment with either a 95% or a 99% significance point, indicating a lack of recombination break points. In subgenus Ceanothus, a single statistically significant peak in Dss was detected when a 95% significance point was used, but it was not detected at the more conservative 99% threshold. The significant break point occurred at base 555 in the subgenus Ceanothus alignment (alignment A6).
Divergence-Time Estimates
Mean divergence time between subgenus Cerastes and subgenus Ceanothus estimated by BEAST for rate-calibrated DTE (based on ITS for Ceanothus only) was 9.2 Ma (95% HPD [highest posterior density interval] ¼ 0.3-26.0 Ma; table 4). Timing for onset of diversification in the two subgenera was offset, with a mean tMRCA of 5.3 Ma (95% HPD ¼ 0:2-15:2) for subgenus Cerastes and 6.3 Ma (95% HPD ¼ 0:3-17:7) for subgenus Ceanothus (table 4) . Mean divergence time between subgenus Cerastes and subgenus Ceanothus estimated by BEAST for fossil-calibrated DTE (based on ITS, trnL-F and rbcL for Rhamnaceae) was 12.9 Ma (95% HPD ¼ 4:2-22:1; table 4). For fossil-calibrated DTE, divergence time between 1147 Fig. 3 Neighbor-net splits network and geographic map for subgenus Cerastes. A, Neighbor-net splits network colored according to majorthe subgenera inferred from nuclear (ITS) data alone (mean ¼ 13:2 Ma; 95% HPD ¼ 3:7-24:2) was similar to that inferred from the combined chloroplast and nuclear data. However, the divergence time from chloroplast data was younger than that from the combined data (mean ¼ 8:0 Ma; 95% HPD ¼ 1:0-17:8; table 4).
Bioclimate
Although elevation, latitude, and interpolated estimates for bioclimatic parameters vary widely in Cerastes, identifiable geographic trends exist ( fig. 7) . With respect to temperature, AAMin decreases with decreasing latitude (fig. 7A ), although the same pattern does not appear to hold for AAMax ( fig.  7B ). With respect to precipitation, a pattern of decreasing rainfall with decreasing latitude is found (fig. 7C ). The climatic variables, however, must be examined in light of the relationship between elevation and latitude: there is a trend for plants found at lower latitudes to occur at higher elevations ( fig. 7D) .
A comparison of these variables with those for genetic groups in Cerastes reveals several trends (table 5) . Clade 2 has the lowest average elevation, with successively higher average elevations in Clade 1 and Unresolved Cerastes (table 5; fig. 7D ). For latitude, Clade 1 tends to occur farther north than Clade 2, which in turn occurs farther north than Unre- solved Cerastes (table 5). The lowest average AAMin is found among Unresolved Cerastes; AAmin is successively higher in Clades 1 and 2 (table 5; fig. 7A ). Average AAMax has the opposite pattern: highest among Unresolved Cerastes and successively lower in Clades 1 and 2 (table 5; fig. 7B ). Finally, average AAP is slightly higher in Clade 1 than in the other groups (table 5; fig. 7C ).
Discussion
Subgeneric Divergence
We obtained additional support for deep phylogenetic divergence between the Cerastes and Ceanothus subgenera ( fig.  6 ). This divergence is fundamental to understanding the systematics, biology, and ecology of Ceanothus, because it contrasts with the more recent diversification that has taken place within each subgenus (Ackerly et al. 2006; fig. 6 ). Morphology, physiology, and life history, which are strongly divergent between subgenera, support the genetic divergence (Nobs 1963; Keeley 1975 Keeley , 1987 Fross and Wilken 2006) . Ackerly et al. (2006) suggest that these very different adaptive modes have played an important role in the codiversification of the Ceanothus subgenera by facilitating coexistence of species from both groups in the same habitats. Most research concerning Ceanothus will benefit from appreciation of the strong divergence between the subgenera as well as the close relationship among species belonging to the same subgenus. A lack of appreciation for this evolutionary contrast may lead to confusion, as in the work of Calsbeek et al. (2003) , where timing of divergence between subgenera was confounded with timing of diversification within subgenera.
Diversification versus Gene Flow in the
Ceanothus Subgenera
Ceanothus has been cited as an example of a plant group in which diversification, and presumably speciation, has taken place in the absence of intrinsic barriers to gene flow (Fross and Wilken 2006) . This idea derives from the longnoted propensity for hybridization among species within subgenera of Ceanothus (Parry 1889; Nobs 1963; Fross and Wilken 2006) as well as from taxonomic, biosystematic, and molecular genetic research that directly addressed the problem of how hybridization and gene flow might have influenced diversification of Ceanothus (McMinn 1942; Nobs 1963; Hardig et al. 2002) . Research conducted by McMinn (1944) and Nobs (1963) showed that no intrinsic pre-or postzygotic isolating mechanisms exist among members of the same subgenus. These results indicate that long-observed patterns of morphological overlap among taxa within subgenera might be explained by hybridization and gene flow (McMinn 1944; Nobs 1963) . Later phylogenetic research discovered a lack of congruence between chloroplast and nuclear gene trees for each subgenus (Hardig et al. 2000) , as well as strong geographic, rather than taxonomic, signal, both of which are consistent with hybridization and/or gene flow. Here we report related patterns, including a lack of phylogenetic cohesion among NIA isolates obtained from the same taxon or plant (figs. 2, 4). Similar patterns, however, are also expected to result from incomplete lineage sorting (Pamilo and Nei 1988) , a phenomenon that often occurs during rapid diversification (Maddison and Knowles 2006) .
Subgenus Cerastes Phylogeny
Our work confirms some previously identified relationships among taxa within subgenus Cerastes and supports new groupings. The first new group is Clade 1 ( fig. 2) , which is the subject of a separate, more focused study (Burge and Manos 2011) . Clade 1 encompasses all NIA isolates from populations of Cerastes occurring within the CFP north of the latitude of Point Conception, Santa Barbara County, California (34.45°N; fig. 8B ), as well as those found north of the CFP in Oregon (fig. 3A) . Clade 1 contains the bulk of taxonomic diversity for subgenus Cerastes (24 of 35 sampled (Drummond et al. 2006; Drummond and Rambaut 2007) for that date.
d Divergence-time estimates using separate nuclear (ITS, the ITS1-5.8S-ITS2 region of the nuclear ribosomal DNA) and chloroplast (rbcL, trnL-F) portions of the three-region data set.
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INTERNATIONAL JOURNAL OF PLANT SCIENCES taxa) and is almost entirely restricted to the CFP. Clade 1 may partly correspond to the ''North Coast Clade'' noted by Hardig et al. (2000) as a result of their work using ITS. A second unusual new grouping is Clade 2 (fig. 2) , which is entirely restricted to coastal portions of the southern CFP ( fig.  3B ) and includes isolates from many Cerastes taxa characteristic of this region, particularly the coastal species Cerastes megacarpus Nutt. and Cerastes verrucosus Nutt. This highly divergent clade may be indicated by a weakly supported grouping between C. megacarpus and C. verrucosus in the work of Hardig et al. (2000) .
Clades 1 and 2 are nested within a poorly resolved basal grade of isolates that we have termed ''Unresolved Cerastes'' (see ''Results, '' fig. 2 , and Unresolved in fig. 3A ). This portion of the tree is overwhelmingly made up of isolates from plants collected in the southern CFP, the southwestern United States, and Mexico. It includes all isolates from non-CFP areas outside of Oregon (fig. 3B ). The basalmost portion of this grade contains all isolates from the Mexican endemic Cerastes pauciflorus and most isolates from Mexican collections of Cerastes vestitus ( fig. 3A) . Interestingly, Hardig et al. (2000) recovered a basal placement for the sample of Mexican Cerastes included in their ITS-based work, Cerastes lanuginosus (Jones) Rose, a synonym of C. pauciflorus (Fross and Wilken 2006) . Higher portions of the basal Cerastes grade contain isolates from C. vestitus as well as several species endemic to the southern CFP ( fig. 3) . Interpretation of relationships in Unresolved Cerastes should be treated with caution, because these relationships are based on ad hoc manual rooting using the basalmost terminal in the tree containing all of Ceanothus ( fig. 6 ).
In our phylogenies, most Cerastes taxa are polyphyletic, with few cases of strong genetic cohesion among sampled individuals at the level of species, variety, or subspecies ( fig. 2 ). This result agrees with the ITS-based work of Hardig et al. (2000 Hardig et al. ( , 2002 . In our work, several taxa are shared between major genetic groups. In Cerastes cuneatus, for example, a single isolate is recovered as part of Clade 2; all other isolates from this species are in Clade 1 ( fig. 2) . The isolate recovered in Clade 2 was obtained from a plant collected in the Santa Ynez Mountains, an area of overlap and potential hybridization between the taxa characteristic of Clades 1 and 2 (fig. 2, DOB 880a; figs. 3, 8 ; but see above).
Subgenus Ceanothus Phylogeny
As in subgenus Cerastes, phylogenetic patterns in subgenus Ceanothus are dominated by a handful of genetic groups. Clade 3 is the most obvious grouping in subgenus Ceanothus (fig. 4) . Clade 3 includes isolates from populations of several taxa collected over a very wide region in western North America (figs. 4, 5). With the exception of Ceanothus velutinus Hook., this group is unified by the trait of spine-tipped twigs ( fig. 4) , which are found in just two other taxa (Fross and Wilken 2006) . A group comparable to Clade 3 was not identified by the work of Hardig et al. (2000) . However, Jeong et al. (1997) (table 1) . While the work of Hardig et al. (2000) did not recover this grouping, Jeong et al. (1997) found a close relationship between Ceanothus americanus L. and Ceanothus sanguineus Pursh. In our tree, the remaining terminals, which come almost entirely from plants collected in the CFP and Mexico, are not well resolved ( fig. 4; Unresolved in fig. 5 ). This group represents the bulk of taxonomic diversity in subgenus Ceanothus (Fross and Wilken 2006) .
As in subgenus Cerastes, many taxa from subgenus Ceanothus are polyphyletic ( fig. 4) . Hardig et al. (2000) discovered similar patterns in subgenus Ceanothus. Of the seven taxa represented in our analysis by more than one plant (table 1) , only one (Ceanothus leucodermis) is monophyletic. In C. velutinus, for example, one population is recovered in Clade 3 and the other in Unresolved subgenus Ceanothus (fig. 4 , DOB 958 and WR SN). Ceanothus velutinus is the only nonspinescent member of Clade 3. The isolate recovered in Clade 3 is from a plant collected in the central Sierra Nevada, an area of overlap and potential hybridization between C. velutinus and Ceanothus cordulatus Kellogg (Fross and Wilken 2006) , which may explain the presence of isolates from the former species in otherwise entirely spinescent Clade 3 (figs. 4, 5).
Biogeographic Boundaries
In the Cerastes subgenus of Ceanothus, a strong northsouth geographic break between major genetic groups across the Transverse Ranges near the latitude of Point Conception (35.45°N; figs. 6, 8) is consistent with separate histories of diversification for Cerastes in climatically divergent regions of the CFP. Point Conception is in a region of climatic shift (Russell 1926; Kesseli 1942 ) that has long been recognized on the basis of latitudinal range studies in benthic marine fauna (Valentine 1966 ) and strand flora (Breckon and Barbour 1974; Barbour and Johnson 1988) . The climatic boundary near Point Conception appears to be driven by shifts in ocean currents at this latitude (Hickey 1979; Huyer 1983; Mü nchow 2000;  fig. 8 ). The ecofloristic boundary at the latitude of Point Conception also roughly corresponds to the boundary between two large areas of Coast Range endemism defined by Stebbins and Major (1965) . Furthermore, recent phytogeographical classification schemes based on floristic analysis of vascular plant distributions on the North American Pacific Coast place the boundary between two coastal Mediterranean-climate zones at the latitude of Point Conception (Peinado et al. 2009 ).
The latitude of Point Conception represents the approximate northern limit of CFP distribution for Clade 2 and Unresolved Cerastes and the southern limit for all but one member of Clade 1 ( fig. 8) . However, the zone of geographic overlap fig. 7 ), members of Clade 1 (C. cuneatus var. cuneatus) and Unresolved Cerastes tend to occupy higher elevations than members of Clade 2 ( fig. 7D) , with correspondingly lower AAmin (fig. 7A ). The apparent higher tolerance for colder temperatures in Clade 1 and Unresolved Fig. 8 Map of average annual minimum temperature (AAMin) for California, with overlay of subgenus Cerastes genetic sampling; temperature data layer from PRISM Climate Group (2006) . Inset shows northern part of geographic overlap among major genetic groups of Cerastes discussed in text. Genetic sampling locations are colored according to major genetic group (see fig. 3 ). Color shading represents approximate AAMin. CFP ¼ California Floristic Province.
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Cerastes, compared to that in Clade 2, is corroborated by studies of chaparral zonation in the Santa Monica Mountains (Davis et al. 2007 ) as well as by experimental studies in which taxa characteristic of Clade 1 and Unresolved Cerastes (C. cuneatus and Cerastes crassifolius Torr., respectively) were found to have a much higher resistance to xylem embolism under freeze/thaw stress than a species characteristic of Clade 2 (C. megacarpus; Ewers et al. 2003; Davis et al. 2007 ). In the southern CFP zone of geographic overlap among major genetic groups of Cerastes, these physiological differences appear to drive zonation of species (Davis et al. 2007) , with C. megacarpus occupying areas less prone to freezing, such as lowland areas close to the coast and very steep upland areas, while both C. cuneatus and C. crassifolius occur in areas at greater risk of very cold conditions, including swales and ravine bottoms (Davis et al. 2007) . It is possible that these physiological differences are also at work in driving the large-scale distribution of Cerastes Fig. 9 Lineage-through-time schematic for diversification of Ceanothus. Chronology reflects the summary of Schorn et al. (2007) for the Neogene. Numbers adjacent to nodes on tree schematic represent mean time to most recent common ancestor (Ma), followed by 95% highest posterior density interval from BEAST (table 4). Numbers in parentheses refer to the following source: 1, Chappell (1978) ; 2, Raven (1973) ; 3, Wakabayashi and Sawyer (2001); 4, Mix et al. (2011); 5, Argus and Gordon (2001); 6, Axelrod (1973); 7, Axelrod (1948); 8, Axelrod (1950) . 
Diversification of Ceanothus in the CFP
Our results indicate that the initial divergence of the Ceanothus subgenera occurred in the late Miocene (;13 Ma; fig. 9 ). The late Miocene was a time of unusually cool and dry climatic conditions worldwide (Graham 1999) as well as widespread mountain building in western North America (Mix et al. 2011;  fig. 9 ). Mountain uplift, particularly of the Sierra Nevada, cast a rain shadow over parts of interior western North America that led to development of arid conditions (Wernicke et al. 1996; Mulch et al. 2008; Mix et al. 2011) . The initial divergence of the Ceanothus subgenera may have taken place in response to such ecological opportunities.
Results presented here indicate that diversification of the two Ceanothus subgenera commenced nearly simultaneously near the beginning of the Pliocene (;6 Ma; fig. 9 ). The early Pliocene was the coolest, driest part of the Cenozoic worldwide (reviewed in Graham 1999) , and it corresponds to the onset of uplift for the North American Coast Ranges, including the Transverse and Peninsular ranges ( Namson and Davis 1988; Page et al. 1998) . Uplift of the Coast Ranges combined with faulting and tectonic movement to expose diverse geology and create new, discontinuously arrayed habitats (Kruckeberg 1984) . These conditions are thought to have driven rapid plant speciation (Stebbins and Major 1965; Raven 1973; Raven and Axelrod 1978; Stebbins 1978a Stebbins , 1978b Peinado et al. 2009 ) and may have contributed to diversification of the Ceanothus subgenera, both of which have centers of diversity in the Coast Ranges (table 1). The beginning of the Pliocene is also when reliably identifiable Ceanothus fossils are first recorded (Axelrod 1950; Fisk and Myers 2008; O. Burge and D. M. Erwin, unpublished manuscript; fig. 9 ). These leaf impressions were recovered from the late Miocene Anaverde Formation of Antelope Valley, California (Axelrod 1950; figs. 1, 9) . The plants were part of a community that experienced year-round rainfall (Axelrod 1950) , which is consistent with the idea that morphological characteristics of Cerastes, once supposed to represent de novo adaptations to Mediterranean-type climate (e.g., sclerophylly and stomatal crypts), are in fact preadaptations that evolved before such a climate developed in western North America around 2 Ma ( fig. 9 ; Axelrod 1958; Ackerly 2004) .
Although our results indicate that diversification of the Ceanothus subgenera began several million years before the advent of a Mediterranean-type climate in California, it is possible that more recent diversification has taken place in response to this unusual climatic regime ( fig. 9 ). During the Quaternary, glacial cycles probably drove the alternation of Mediterranean-type climatic conditions with cooler, wetter conditions (Herbert et al. 2001) , leading to cycles of geographic range expansion and contraction in many groups of plants. During the same time period, uplift was ongoing in the Coast Ranges (Page 1981; Wakabayashi 1999) and references therein; Mix et al. 2011) , which resulted in the extreme topographic and edaphic complexity that is seen in the region today. As previous authors have suggested, recent diversification of the two Ceanothus subgenera, as well as other CFP diversifications, may have resulted from the combined action of population fragmentation and local adaptation taking place in the milieu of climatic cycles and recent geological upheaval during the Quaternary (Wells 1969; Raven 1973; Stebbins 1978a; Raven and Axelrod 1978) .
Summary
Ceanothus diversity reaches its peak in the CFP, with 72% of described species endemic to the region, including 21 species from subgenus Cerastes and 17 from subgenus Ceanothus (table 1). Our results indicate that nearly simultaneous diversification of the two Ceanothus subgenera began in the early Pliocene (;6 Ma; fig. 9 ), with regional patterns of differentiation that are particular to each group, though focused in the CFP. This timing agrees with the fossil record for Ceanothus but predates the hypothesized Quaternary (2-Ma) origin of Mediterranean-type climate in the region. Furthermore, a strong north-south divergence of subgenus Cerastes across the Transverse Ranges in southern California indicates that phylogenetic relationships in this subgenus may be structured by climatically divergent regions of the CFP.
